Supplementary figures
Supplementary Figure S1 : Determination of the incident X-ray fluence. Measured normalized X-ray fluence for simulated diffraction patterns as a function of angle between direction of X-ray beam and axis of particle cylindrical symmetry. Inset shows a typical fit of the low-q experimental data (open circles) by straight line. This fit is valid in the q range to the left from the two arrows, corresponding to the orientation parallel and perpendicular to the X-ray beam.
Supplementary Figure S2:
Sinogram cross-correlation function for two diffraction patterns. Solid lines indicate its maxima, which identify the polar angles of the line common to both patterns. Empty and distorted regions in the vicinity of 0 and 180° are due to the gap between two detector halves. Figure S3 : Effect of particle orientation distribution on computation of partial scattered intensities. (a) Histograms of probability density for the polar angle θ calculated using the common-lines method and cross-correlation function between experimental and model diffraction patterns. (b) Square root of the sum-ofsquares error between partial scattered intensities of degree l (indicated in horizontal axis) computed directly from the ideal particle shape and from simulated data sets with experimental orientations calculated by the respective methods. These partial scattered intensities are plotted in (c).
Supplementary

Supplementary Methods
X-ray fluence and particle orientation distributions. In principle, the incident X-ray fluence and dimer orientation can be derived from the integral properties of diffraction patterns. Similar to Guinier equation 30 for the spherically averaged scattered intensity, for the radially averaged 2D diffraction pattern from an individual particle at small values of scattering vector q we have ܵሺ‫ݍ‬ሻ ൌ ܵሺ0ሻexp൫െܴ ଶ ଶ ‫ݍ‬ ଶ 2 ⁄ ൯, where ܴ ଶ is the gyration radius about X-ray direction, and ܵሺ0ሻ is proportional to the incident X-ray fluence. The dimer gyration radius is determined by its orientation, defined by the angle θ between the axis of cylindrical symmetry and the X-ray direction. From the
where R is the sphere's radius, and k the slope of the Guinier plot of ln ܵ as a function of ‫ݍ‬ 2 . Depending on dimer orientation, its gyration radius ܴ ଶ varies between ඥ2 5 ⁄ ܴ and ඥ7 5 ⁄ ܴ for the dimer aligned with and perpendicular to the X-ray beam, respectively. Since Guinier approximation is only valid for ܴ ଶ ‫ݍ‬ ൏ 1, following this approach for the measured q > 0.027 nm -1 we were able to reliably determine X-ray fluence and particle orientation only for θ < 45°. To estimate the error due to the missing data at low q, we computed ܵሺ0ሻ using Guinier plots in the experimentally available q range for a set of simulated diffraction patterns from dimers in uniformly distributed random orientations. The resultant X-ray fluence normalized to its actual value is plotted in Supplementary Fig. S1 . The error in determination of fluence remains within 5% for θ < 45°, and reaches as high as 25% for the particles oriented perpendicular to the X-ray beam.
To extend the range of validity of orientation determination, we used two other approaches. In the first method, can be found as a half of the maximum distance between the lines of maxima in the sinogram cross-correlation function. Both methods gave mostly well-matched particle orientations with square root of sum-of-square error between them of 0.075. The corresponding probability densities for the orientation angle θ normalized by sin ߠ are compared in the histograms in Supplementary Fig. S3a . Deviation of these functions from a straight horizontal line indicates that orientation distribution is not truly uniform. To estimate the bias introduced specifically by the nonuniformity of the measured orientation distribution, we generated two sets of 635 noise-free diffraction patterns with orientations obtained by common-lines method and cross-correlations with model central sections, respectively. The partial scattered intensities ‫ܫ‬ ,௫ ሺ‫ݍ‬ሻ were computed from these data and compared against the true values ‫ܫ‬ ,ௗ ሺ‫ݍ‬ሻ calculated directly from the dumbbell particle shape as discussed in the next section. The results are plotted in Supplementary Fig. S3c . The sum-of-squares error
for each l is shown in Supplementary Fig. S3b . We conclude from this analysis that deviations from the uniform orientation distribution found in our experiment did not significantly affect the partial scattered intensities derived in this work. 
where ‫ܥ‬ሺ݈ ଵ ݈ ଶ ݈; 000ሻ are Clebsch-Gordan coefficients.
An equation, analogous to Eq. S2, relates partial scattered intensities ‫ܫ‬ ሺ‫ݍ‬ሻ to autocorrelation of electron density. Due to prefactor ݅ the integral of ‫ܫ‬ ሺ‫ݍ‬ሻ over all q is positive for even ݈/2 (left column of Fig. 3) , and
